The present study was designed to evaluate the effect of low-frequency ultrasound on transdermal delivery of insulin as an ointment. This was conducted in the proceeding of a previously published paper by the authors. Forty-two Wistar rats were randomly divided into 7 groups including one control and six experimental groups with six rats in each group. An ointment of insulin was prepared and applied (alone and with low-frequency ultrasound) on the skin of animals. In all the groups, blood samples were collected from the tail vein of the animals every 15 minutes of the whole 90-minute experimental period. The changes of blood glucose levels with time were assessed in the groups. The results of this study showed that the exposure of the insulin ointment to low-frequency ultrasound for a period of 60 minutes significantly decreased its potency in lowering the blood glucose levels. We conclude that eucerin impedes transdermal insulin delivery by sonophoresis in rats. We suggest that the lowering effect of ultrasound on the penetration ability of insulin is probably due to its effect on the specific molecular structure formed between the insulin and the ointment base after its preparation. However, further studies are needed in order to more precisely identify the involving mechanisms.
INTRODUCTION
Diabetes mellitus is an endocrine disorder in which the cells of the body are unable to properly metabolize sugar due to a total or relative lack of insulin (Khan, 2012) . It is one of the main problems of health care systems of most societies. The total number of people with diabetes worldwide was estimated to be 131 million in 2000; it is projected to increase to 366 million by 2030 (Wild et al., 2004 . At present, subcutaneous injection of insulin is the most common treatment method in patients with diabetes mellitus type 1 which affects their quality of life due to its invasive nature (Li et al., 2014; Hilliard et al., 2013) . However, several obstacles such as day-to-day variability in insulin requirements and slow and variable absorption of insulin from the subcutaneous site of injection make it difficult for type 1 diabetic patients to maintain long-term near-normoglycemia (Lepore et al., 2000) . Transdermal drug delivery (TDD) is considered as a potential painless alternative for the delivery of drugs such as insulin to diabetic patients during recent years (Schoellhammer et al., 2014) . The main obstacle this method of drug delivery is dealing with is the limited skin permeability mainly due to the specific structure of the outer layer of the skin (stratum corneum) (Mohammadi-Samani et al., 2014) . The development of a sophisticated new technique to overcome the skin permeability obstacle has challenged the researches to develop new delivery methods (Khafagy et al., 2007) . In the last years, many researchers have been focusing on different ways of enhancing skin permeability such as ionophoresis (Naik et al., 2000) , ultrasound-mediated transdermal drug delivery (Lavon et al., 2004) , use of liposomes (Barry, 2001) , etc. A great range of chemical absorption enhancers (CAEs) such as surfactants, fatty acids, iodine, short synthetic peptide and trypsin have been also used for this purpose (Chen et al., 2009; Sintov et al., 2007) . However, some disadvantages including skin irritation and inability to deliver large molecules, have largely limited the use of these chemicals. Therefore, safer ways of enhancing transdermal drug absorption such as sonophoresis (application of ultrasound to enhance transdermal drug delivery) have been greatly taken into consideration during the last two decades (Karande et al., 2009) . Irradiation of the skin with ultrasound followed by the application of insulin has indicated that the transdermal transport of insulin occurs mainly during sonophoresis (Polat et al., 2010) .
Previous studies have shown that low-frequency ultrasound (20-100kHz) is effective in the enhancement of transdermal insulin delivery (Boucaud et al., 2002; Baris et al., 2010; . Although the effective principle of sonophoresis is not well-understood, it has been suggested to be the result of cavitations in the skin (Smith, 2007; Park et al., 2007) . It has to be said that the parameters and surrounding physiochemical conditions under which ultrasound is applied have the most important role in the effects observed with the application of sonophoresis.
Overall, it has been concluded in the literature that the transdermal insulin delivery can be enhanced with 40 kHz lowfrequency ultrasound (Smith, 2007; Park et al., 2007) and with insulin ointment alone , but the enhancement effects of low-frequency ultrasound with insulin ointment are not clear and were evaluated in this study for the first time. The aim of this study was to evaluate the effect of low-frequency ultrasound on transdermal delivery of insulin as an ointment and to clarify the target structure that is affected by ultrasound at different conditions of sonophoresis.
MATERIAL AND METHODS

Ointment preparation
The insulin ointment was prepared using pure human insulin (Humulin ® R, rDNA U-100, Indianapolis, IN) and eucerin at room temperature. Eucerin is commonly used for therapeutic and cosmetic purposes (Sexton, 1940) . It is among one of five major types of substances used in preparation of ointments (Nielloud et al., 2007) . Desirable pharmacological properties of eucerin such as good drug release potential and hydrophilic capability have made it a good choice to be used in the preparation of oil-based ointments. 4, 8, 9.4 and 10.2 ml of regular insulin were calculated each to be added to 2 g of eucerin in order to reach 0.69%, 1.36%, 1.6%, and 1.73% concentrations of insulin ointment, respectively. The mentioned concentrations were calculated as weight/weight percentages (Sintov et al., 2007) . To prepare the ointment, calculated amounts of insulin for each treatment group was gradually added to 2 g of eucerin while the mixture was being agitated. At the times that the mixture lost its consistency, the addition of insulin was seized for a while until it could regain its consistency so that the remaining amount of insulin could be added. Under these conditions, insulin can be readily mixed into eucerin. Finally, the ointment was stored at 4°C until commencement of the experiment. Our previous study showed that the blood glucose lowering activity of the 1.73% insulin ointment was almost equal to that of the injectable insulin. Thus, in this study, the 1.73% concentration was selected as the insulin ointment.
Ultrasound transducer array
In the previous study, we developed equipment for transdermal insulin delivery, so that the geometrical and physical characteristics of this equipment were briefly described in the literature . Ultrasound was produced by an air ultrasonic ceramic transducer (SQ-40-T-10B) composed of a piezo ceramic disc which converts electric energy into mechanical energy. The diameter of each ultrasonic sensor was 9.8 mm and the resonant frequency of them was 40 ±1.0 kHz. Figure 2 shows an array air ultrasonic ceramic transducer used in this study. The array includes three ultrasonic probes connected in parallel. 
Animal experiments
All procedures described in this study involving animal experiments were approved by Ethical Committee of Urmia University of Medical Sciences (approval number 56-06). Forty two male Wistar rats (237-380 g) were randomly divided into 7 groups each with 6 animals. The number of animals for control and experimental groups was determined based on the pertinent literature (Park et al., 2008; . All the animals were fed on standard chow diet and were kept in a stress-free condition two weeks before beginning of the experiment. A combination of ketamin hydrochloride (60 mg/kg) and xylazine hydrochloride (10 mg/kg) was intra-peritoneally injected in all animals to anaesthetize them (Ketamine 10%+Xylazine 2%). Xylazine was used for general anesthesia and also inducing a temporary but sustained hyperglycemia in the animals during the experimental period. The first group remained untreated as the control group, the second and the third groups received insulin ointment and subcutaneous insulin injection (0.25 U/Kg), respectively and the other groups were treated with ultrasound under the following conditions: received ultrasound after the ointment was applied on the skin (group 4); insulin was delivered subcutaneously after it was exposed to ultrasound (group 5); the ointment was applied on the skin after pre-irradiation of eucerin with ultrasound (group 6); the ointment was treated with ultrasound before its application on the skin (group 7). In order for the transdermal application of insulin, the abdominal area of each rat was shaved with dimensions of 5×5 cm 2 and the abdominal surface was carefully cleaned to remove any remaining hair. In the groups with ultrasound exposure, following the administration of the insulin ointment, the designed ultrasonic array was placed on the skin perpendicularly and then ultrasound waves with 40 kHz frequency were applied for 60 minutes.
The ultrasound was applied in pulse mode to avoid any undesired damage to the skin as a result of the heat produced. Examination of the rat's skin was performed at the end of ultrasonic irradiation and insulin ointment administration to look for visible lesions such as rash, redness, and swelling on the skin surface.
Blood samples were collected from the tail vein of the animals once before anesthesia to confirm the uniformity of the glucose levels in all the animals and for the second time after anesthesia and prior to the application of the ointment and the ultrasound to obtain a baseline glucose (sugar) level. Additional blood samples were taken every 15 minutes of the whole 90-minute experiment. An ACCU-CHEK TM blood glucose monitoring system (Roche Diagnostics Co., Indianapolis) was used to test the blood samples. Each sample was tested at least twice to confirm the accuracy of the readings. In order for comparing the changes in blood sugar levels, the data were corrected by subtracting the baseline sugar for each animal from each blood sugar level at any time.
Statistical analysis was performed using SPSS software (ver. 21), by SPSS Inc. (IBM corporation, Armonk, USA). Oneway ANOVA statistical test was used to confirm the uniformity of the weight in all the animals and blood sugar levels before anesthesia. Moreover, the statistical multiple comparisons (Dunnett's and Tukey's) tests were used to compare the difference between glucose levels in the studied groups after anesthesia. The significance level was selected as 0.05 for all the statistical tests. The blood sugar versus time data were pooled for each group and analyzed as its mean and standard deviation (SD).
RESULTS
The objective of this study was to evaluate the effect of low-frequency ultrasound on transdermal delivery of insulin as an ointment. Visual examination of the rats' skins at the end of ultrasonic exposimetry and insulin ointment administration did not show any damage or significant change to the skin. Table 1 shows the changes of blood glucose levels with time in different groups.
Performing One-way ANOVA statistical test between seven studied groups showed no significant difference between the weight of the rats (p=0.103) and blood glucose concentration before anesthesia (p=0.476). The blood glucose concentration before anesthesia between the study groups was within a range of 101 to 118 mg/dl. Following the administration of xylazine, the initial blood glucose levels increased to 193.85 ± 13.78 mg/dl (mean ± SD) after anesthesia, which was called the baseline glucose level. The statistical multiple comparisons (Dunnett) test showed that there was no significant difference between the glucose levels in the control and treatment groups after anesthesia (p>0.05). Multiple comparisons (Dunnett) test was also performed on the mean blood sugar levels between the control group and the treatment groups at different follow-up time points during the experiment period ( Table 2 ). The blood glucose levels of all the animals were graphed and recorded as the mean ± SD of each group every 15 minutes of the whole 90 minute experimental period (Figure 2 ). Due to the anesthesia with xylazine, the initial blood glucose levels were higher than that of normal rats before anesthesia. The blood glucose levels in the third, fifth and sixth groups were significantly different from those of the control group 15, 30 and 45 minutes after anesthesia. In addition to these three groups, the glucose levels in the second group significantly differed from the control group 60 minutes after anesthesia. Group seven was the only group that showed no significant difference with the control group even after 90 minutes (P > 0.05).The glucose levels in the second group (sole insulin ointment) was significantly lower than those in the control group (P < 0.05) indicating that the ointment is effective in lowering the blood glucose levels in hyperglycemic rats.
Exposure of the skin to 40 kHz ultrasound along with treatment of the skin with the ointment (group 4) significantly delayed and reduced the blood glucose lowering activity of the ointment in a way that after treatment with both of the ointment and the ultrasound, the glucose levels started to fall after 75 minutes, implying the disruptive effect of the ultrasound on insulin efficiency in lowering blood glucose. This effect was also observed even after pre-irradiation of the ointment with ultrasound before its administration on the skin (group 7) vanished its ability to decrease blood glucose levels, in comparison with the control group (P<0.05). Exposure of insulin to ultrasound before its subcutaneous delivery (group 5) did not have any effect on its blood glucose decreasing activity. In other words, blood glucose lowering capability of the ointment was still maintained even after the exposure of eucerin to ultrasound. This indicated that ultrasound had no effect on the eucerin structure so that the ointment activity was still present after exposure to ultrasound. 
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DISCUSION
The aim of this study was to evaluate the effect of lowfrequency ultrasound on transdermal delivery of insulin as an ointment. High frequency ultrasound (1-3 MHz) has been already investigated in different studies as a physical enhancer of transdermal drug delivery and it has been used as a therapeutic agent for over 40 years (Ferrara, 2008; Saroha et al., 2011) .
Since this frequency range of ultrasound is not so potent when heating produced by the ultrasound equipment is minimized (Boucaud et al., 2001) , the study of low-frequencies of ultrasound has been largely taken into consideration by many researchers during recent years (Park et al., 2008; . An ultrasound range between 20 kHz and 100 kHz is normally considered as low-frequency (Park et al., 2008; . This range of ultrasound is significantly more effective in the enhancement of transdermal delivery of various drugs (Lavon et al., 2004) . For instance, low-frequency (20 kHz) ultrasound enhanced the transdermal transport of fentanyl and caffeine across human and rat skin (Boucaud et al., 2001 ). There are also many studies that show the efficiency of low-frequency ultrasound in the transdermal delivery of insulin as a non-invasive method (Park et al., 2008; Park et al., 2007; Ogura et al., 2008) . In almost all the studies, the effect of sonophoresis depended, at least partially, on the ultrasound parameters including intensity, exposure time and conditions in which the ultrasound is applied (Boucaud et al., 2001; Ogura et al., 2008) . Therefore, contradictory results have been observed in different studies as a consequence of different sonophoresis parameters and exposure conditions followed in each.
In the present study, we focused on the effects of lowfrequency (40 kHz) ultrasound on the efficiency of transdermal insulin delivery using insulin ointment. In order to further evaluate the causative target structure affected by ultrasound during the ultrasound exposure, the ultrasound was applied at different conditions.
The results of this study show that the exposure of the insulin ointment to low-frequency ultrasound during a period of 60 minutes significantly decreases its potency in lowering the blood glucose levels. This is while separate exposure of the ointment compartments (insulin and eucerin) with ultrasound prior to administration of them as insulin ointment did not have any effect on their blood glucose lowering activity. No such inhibitory effect was observed even after exposure of the injectable form of insulin. Our data are in contrast with the results of many other studies that had previously shown the enhancing activity of ultrasound on transdermal drug delivery (Park et al., 2008; Ogura et al., 2008) with the suggested mechanism of sonophoresis. Here, we suggested a new probably mechanism by which ultrasound interferes transdermal transport of insulin which may be different from the sonophoresis mechanism previously suggested by some authors (Mitragotri et al., 2004; Park et al., 2007; Ogura et al., 2008) . The reason for such a difference may be due to combinatorial construction of macromolecules during application of ultrasounic waves and/or after that. The results of this study showed that the lowering effect of ultrasound on the transdermal transportation of insulin is due to probable structural alterations of the ointment after its exposure to the ultrasound.
CONCLUSION
Our findings demonstrated the application of ultrasound (40kHz) on insulin ointment during a 60-minute period, the insulin (as an ointment) will lose its ability to reduce blood glucose levels (group 7), while pre-irradiation of insulin (group 5) and eucerin (group 6) with ultrasound separately has no effect on the ointment activity. The target principle which is affected by the ultrasound during transdermal insulin delivery might be probably a specific molecular structure formed between different components of the insulin ointment (eucerin and insulin). Using low-frequency ultrasound for insulin delivery may be a promising method. However, in this study, we reported the incompatibility between insulin and eucerin (insulin ointment) affected by ultrasound beams. Although, eucerin is considered as a typical base for most ointments, the combination of insulin and eucerin (insulin ointment) irradiated by low-frequency ultrasound significantly inhibited the insulin to be absorbed (p<0.01). Further studies are needed in order to more precisely clarify effects produced by ultrasound during transdermal delivery of insulin and probable mechanisms involved as to whether it could be used for the enhancement of transdermal insulin delivery as a potential noninvasive rout. More studies are also required to specify the parameters under which the ultrasound should be applied to elicit enhancing effects of ultrasound during transdermal insulin delivery without possible undesired effects.
